Marco V. Pollio Vitruvius studied Greek philosophy and science around the 1 st Century BC. A practical exponent of his craft, he gained experience through his professional work and was the architect of at least one complete unit of buildings for Augustus in the reconstruction of Rome. As an indication of his diverse talents, he also oversaw developments in the imperial artillery and military engines -making Vitruvius an important figure in his day.
The form of a [Roman] theatre is to be adjusted so, that from the centre of the dimension allotted to the base of the perimeter a circle is to be described, in which are inscribed four equilateral triangles, at equal distances from each other, whose points are to touch the circumference of the circle. This is the method also practiced by astrologers in describing the twelve celestial signs, according to the musical division of the constellations. Of these triangles, the side of that which is nearest the scene will determine the face thereof in that part where it cuts the circumference of the circle.
Then through the centre a line is drawn parallel to it, which will separate the pulpitum of the proscenium from the orchestra. The systems as described by Aristoxenus and Pythagoras are somewhat different in terms of technical information but particularly in terms of philosophy. Vitruvius (as can be seen from above) follows the musical theory of Aristoxenus and it is this that the acoustic vases are based upon. Whilst a detailed explanation of Greek and Roman musical theory is outside the remit of this paper, some knowledge is required to understand Vitruvius' thinking as regards the pitch of the vases.
In the theatres of the Greeks the design is not
Aristoxenus lived around the 4 th Century BC and wrote a number of works on music and related disciplines (Elements of Harmonics still survives). He sets out a theory of scale structure and a method for analysis.
At some considerable length he discusses the required terminology. His definition of interval is somewhat different to that of the Pythagoreans (which is based on ratio and proportion) in that he describes two pitches as being bounded or marked off by two notes of different pitch (Landels) . An important definition is that of system. A system is a construction of intervals, the smallest group of which is known as a tetrachord. 
Enharmonic

FIGURE 1
The groups of four pitches in each tetrachord are always surrounded by the interval of a fourth.
Aristoxenus demonstrates three different types (diatonic, chromatic, enharmonic) . He uses the term hemitonion to describe our interval of a semitone and more complex term of diesis for any interval smaller than a semitone (Landels). He does use mathematical ratios to assist with the concept of microtones but also spoke of them in terms of colour and other descriptive methods.
To make more complex pitch systems it is a simple matter of placing one tetrachord on top of another (giving tetrachords based on cycles of fourths). This developed into the Greater Complex System giving a two-octave construction and this is the method that Vitruvius follows for the tuned vases.
Acoustic problems, vases, concept
Anyone who has visited a theatre (Greek or Roman) cannot fail to be impressed by the overall clarity of sound without any kind of enhancement. A greater understanding of acoustics can be identified as early as the beginning of the 5th century BC (Dionysos at Athens and the theatre at Syracuse). The seats arranged in curved rows around the circular orchestra formed large horizontal reflecting surfaces. This ensures that the path of the sound waves travel from the source (the actor or singer) to each of the listeners in a direct path (i.e. without reflection). Ironically, the shape of the theatres was not based on scientific understanding but rather by accident. A site on the side of a hill, sloping down at approximately 45 degrees gave a good acoustic result. Other portable solutions also helped the acoustic. Backdrops helped high-frequency reflections (provided by painted skins). It is believed the propagation of sound to the audience was aided by the megaphone effect of the masks worn by the actors.
Further developments in the shape of theatres are all thought to have been due to attempts at improving the acoustics. An increased length of the seating area (whilst maintaining overall proportion) brought more of the audience close to the stage and thus improved the acoustics, especially as less of the sound could escape at the sides of the orchestra. However, the direction in which the actors were facing became of greater importance, and the height of the stage building was increased and made of stone to provide more reflection from behind and improve the distribution of the sound. A few centuries later, and with the aid of his knowledge derived from Aristoxenus, Vitruvius was attempting to solve other acoustical problems still prevalent in Roman theatres.
The Pythagoreans formulated the modern science of acoustics in Greece in the 6th century BC. Aristoxenus examined the study of musical sounds further by going beyond the source and propagation of sound to consider issues of perception. The work concerning acoustics of Vitruvius is largely based on Aristoxenus's writings.
In theatres, also, are copper vases and these are placed in chambers under the rows of seats in accordance with mathematical reckoning. The Greeks call them Echeia. Vitruvius states that different numbers of vases should be used depending on the size of the theatre. Larger theatres required a greater number of vases arranged in three horizontal rows (one for the harmonia, a second for the chromatic and a third for the diatonic). 
How did the vases sound?
It is likely that the function of the vases would have been to make some sounds louder than others by allowing them to sympathetically vibrate when certain harmonics 'hit' them. So, when a singer performs a perfectly in-tune scale, a number of vases would ring creating a harmonic chord. An artificial reverberation (RT60 time estimated as 0·2-0·5 seconds, Landels) containing only those harmonics listed in the vases pitches would be produced in an open-air theatre that would otherwise have none.
There may be another purpose for the vases other than those already mentioned. Some believe the acoustic jars helped singers and those relying on ear for maintaining pitch to keep to proper pitch. As indicated, the resonance of the vases would have given emphasis to important pitches leaving the others silent. If the artificial reverberation concept is difficult to accept, the assisted resonance idea is perhaps a little more attractive.
No definitive answer has been found to the question of authenticity and intent with regards Vitruvian resonating vases. It is known that many of the original bronze vases were later used for other purposes and even melted down. The earthenware vases are obviously more prone to damage making them more unlikely to survive the ravages of time.
We have only limited information as to how large and what shape they were and this information varies depending on which translation you use of the Vitruvian text. As a result, a lot of reasoning and occasional down right guesswork is required in order to begin piecing together the enigma of function and intent.
However, a number of researchers have produced a variety of reconstructions.
Virtual reconstructions -additive synthesis method
I began designing software based upon the concepts of Vitruvius in 1999. Max/MSP was making real time synthesis on existing computers a practical possibility (a sixteen oscillator additive synthesiser taking up around 30% of the CPU of an Apple Macintosh G3 266 computer). My experiments began by building a synthesizer using the ratios specified by Vitruvius to see the types of sound I would generate. I made a number of assumptions as to how I suspected the vases would have sounded (based upon the knowledge I had gained as to the nature of the vases themselves and all other available documentation). My principle assumption was that the harmonics should be largely sinusoidal.
I made no attempt at modelling the amplitude envelope of the vessel, as I was initially interested in the pitch relationship of the harmonics (although a 'musical' fixed envelope shape was used for each oscillator). This proved to be a very enlightening way to proceed as it made me address issues of authenticity in the modelling process. Clearly this was an artistic reconstruction based upon the Vitruvian principle where many of the physical constraints (decay time and other naturally occurring acoustic phenomena could be largely ignored as a result of being in the digital domain). My vases do not need to be 'touched' in order to make them sound. They can simply be triggered by an algorithmic process, an external triggering mechanism (sensor, video feed etc.) or rely on external sound being analysed in order to trigger the appropriate oscillator. The code shown in FIGURE 4 (updated in February 2004) is largely derived from this initial idea.
Experiments were carried out using ten, sixteen and thirty-eight oscillators. These numbers were based up the number of vases found in theatres depending on their size. In the early experiments, one oscillator was used to represent one vessel. Clearly, a great many more oscillators would be needed using the additive method if an accurate representation was to be made as it is highly unlikely that a resonating vessel would resonate with only one audible harmonic! 
Touching the vases…
We can assume that the word 'touch' as used by Vitruvius means to make the vases ring sympathetically when the vibration of a sound source with a particular frequency in its harmonic series comes into contact.
As has been stated, being in the digital domain frees us from such physical constraints and we can experiment with how the vases may have sounded in a variety of conditions. My first experiment was
simply to see what they sounded like being triggered without the need for an external sound source.
FIGURE 5 shows such a patch with the triggering taking place via a pseudo random algorithm. This created a continuously changing drone whereby all of the harmonics would sound at different times. Neither of these methods bares any resemblance to how the physical vases would have functioned. To achieve this we have to understand what is happening to make the vases resonate in the first place. The resonance is dependant upon external sound being significantly strong enough to make the vessel vibrate. This is more complicated to model, as it requires analysis of the sound source to determine its fundamental frequency (this is because we only want specific vases to ring when they are 'hit' by these frequencies). As has been stated, it is possible to achieve this with the [fiddle~] object and also combine this with [bonk~] for detecting attacks. This is getting much closer, in terms of intention, to what Vitruvius specified (from a sympathetic vibration point of view). 
FIGURE 9
[p sends] was used to send the output of the oscillators to the [mixer828]. This enabled the oscillators to be sent to a multi-channel sound card. I have had the luxury of trying this patch with a 16-speaker system although an octaphonic system is very effective. Vitruvius is careful with the specifications of the localization of the vases. As can be seen from chapter 6 of this paper, it would be a simple task to place a speaker in place of a vessel within a real theatre. The spatialization of the vases is a little puzzling.
Assuming that the basic sound is sinusoidal, the actual positioning of the vases themselves shouldn't be crucial owing to the relative lack of orientation of sinusoidal sounds from a psychoacoustic stance. As usual, Vitruvius is very specific in his description of the layout. Presumably, he simply felt that a semisurround layout would be generally more effective in terms of coverage. In terms of the digital reconstruction, there was little difference between the 8 and 16 speaker systems in terms of localisation.
Indeed, quad and stereo are also very effective in terms of the elusiveness of direction of source. 
FIGURE 10
The patch above shows a relatively simplistic attempt at modelling a vessel with four harmonics. If a RT60 reverberation time of 0.2 to 0.5 seconds is to be created then clearly the envelope length needs to be of a similar order. In theory any number of harmonics could be introduced but it is worthwhile remembering that the more oscillators being used the greater the CPU load. For realities sake, a more detailed model rather than an educated guess is required.
But, how important is reality when it comes down to interesting sound design and composition? Issues that needed addressing were envelope shape and how to make this dynamic dependant on how the vessel would be sympathetically struck; and, a more accurate model of the vases actual resonance (it is likely the vases ring would have more HF content initially and then be left with smaller amounts of LF -in a similar way to the response of a bell). Additive synthesis is very inefficient at modelling sounds with large numbers of harmonics so a new method needed to be found and integrated into the programme.
At some stage I needed to make a decision as to my intentions behind this research -reality and intent of purpose or artistic ideas derived from an ancient past. One thing was sure; the sounds created using this system were very beautiful as they were and I have continued to use them in my compositional output!
Virtual reconstructions -impulse response method
By clapping your hands in a church, you are listening to the church's response to the impulse your palms have made. Commercially available convolution reverb software is now available for anyone with a processor fast enough to run it. What this means is that it is possible to 'sample' an acoustic and use it as a plug-in of your choice. Audioease have developed Altiverb™ that allows the user the opportunity of combining a dry input sound with an impulse response created in a real acoustic environment. They have provided Impulse Response Pre-Processor software that allows the user to create their own impulse responses.
By clapping your hands near a Vitruvian resonating vessel (if one was ever found or reconstructed), you are listening to the vases response to the impulse your palms have made. Perhaps this is getting closer to an accurate digital reconstruction and a means of expanding into greater authenticity.
Physical reconstructions, building vases for analysis
Early in his career, Per Brüel attempted to duplicate the resonating vase concept by physically building a series of vases to experiment with. None of Vitruvius' original diagrams illustrating the size and shape of the bronze vases survive so Brüel's experimental vases were made of clay in a wine-beaker shape. Brüel claims his experiments showed that they enhanced reverberation at the resonant frequency (although the vases were not tested in a real theatre).
Ideally, a complete set of vases needs to be made. However, the sheer cost of a minimum of ten bronze vases has presumably prevented most researchers from pursuing the project.
A combination of all available methods (physical and digital) may provide a truer picture that is realizable commercially, scientifically and artistically.
A fusion of archaeology and composition?
With the aid of modern effects units that attempt to mimic real and imaginary spaces it may be difficult to imagine the importance of the Vitruvian idea. Vitruvius may have invented the whole notion of assisted resonance -an idea that is highly relevant today. Personally, I have always found the idea of creating different acoustic spaces very appealing. Clearly, my aims are very different from those of Vitruvius. I simply want to make an audience question the visual/aural relationship that they experience.
Early Works
FIGURE 11 -site-specific installation (1991) in collaboration with architect Jason Cornish, Cross Bath, Bath, Bath International Festival. We found the Cross Bath to be a fascinating space in terms of its location and imagery. Most appealing was the fact that the floor and roof had no fixed boundaries (i.e. the floor consisted of water with its source being a spring and the complete absence of a roof!). This allowed sound in and out of the space. The recorded audio reflected this by placing sound in juxtaposition and unison with the surroundings. Our aim was to capture the space in as many ways as we saw fit. My continuing work with Jason Cornish has been partly responsible for my fascination with Vitruvius.
FIGURE 12 -Nova Sound System, commissioned by @Bristol for the opening of the new car park in the @Bristol complex, UK. This was a somewhat tongue-in-cheek piece mimicking a teenager's obsession with inexpensive cars and big sound systems! However, this sound system was triggered via a series of sensors placed around the car that 'played' a variety of sampled car horns (amongst other sounds…). The work was primarily about juxtaposing sound with false and contradictory visual imagery. Despite the car clearly being stationary and the audience moving around it, the sounds gave the impression of moving (using a distance-panner in Max/MSP). The Vitruvian resonances were again present, giving an artificial 'glow' to the rather austere and arguably modernist car park. Similar sounds and contradictory imagery, this work explored the tunnel acoustic with which we are allfamiliar but also superimposed other 'false' acoustics on top of it. I wanted to place sounds back into the tunnel that would have been present before its conversion to a cycle tunnel. So, as the cyclists went through, they were chased by mechanical engine sounds, spatialised in such a way (again, using my distance-panner in Max/MSP) to give contradictory sensory experiences. Baring in mind that this was projected through a stereo two-speaker system, it was remarkable how encompassing the Vitruvian resonances were and how they worked with the other sounds already present.
Later Works inside the eye of silence -a collaboration with Vivienne Spiteri
The following is a programme note by Vivienne Spiteri for inside the eye of silence. It demonstrates our preoccupation with the Vitruvian concept and how we pushed the principle away from a purely practical 'problem-solving' idea. 
Nothing but drones…
It was always my intention to use the software to create sounds for installations. To my surprise, they have proved remarkably popular for listening, simply for the sake of it! As well as playback in gallery spaces they have been presented for radio broadcast. Feedback from listeners is often varied, ranging from those that find the continuous sound rather sinister to those that don't even notice they are there.
The Max/MSP code that I have written to create the drones is capable of different tunings and numbers of oscillators. It has been suggested that these sounds could have therapeutic properties. Whilst this is a long way from the original intensions of Vitruvius the effect of these sounds on peoples emotions should not be ignored. There will be people that find these sounds very relaxing and those that don't! the listeners or even spiritual or psychological importance in Greek and Roman times? Music and science were an integral part of Greek (arguably less so for Roman) life and played a role in most aspects of their day-to-day activities. If this was more than a simple 'accompaniment' to these activities or the music (and hence the intervallic relationship) had a more profound affect on them is difficult to ascertain. It would be wrong for me to state that these digital reconstructions prove or disprove these statements.
Conclusions
We should at some point be brave enough to ask (and potentially answer) a simple question -did the vases as specified by Vitruvius actually do their intended job? There is now a large amount of evidence to support the concept. Other resonating vases have been found throughout history and some are still in use.
There is no doubt that Vitruvius was the source for vases used in medieval churches. More research is required into modelling the vases from the information we have available. As has been stated in this paper there are a number of options available. I suspect our only real way of knowing how effective such a system would be, would be to physically build some vases. Digital modelling using a variety of the techniques mentioned will give us further clues as to the resultant effect. With visual reconstructions a practical possibility, we should be able to build an accurate virtual reality of the Vitruvian space -a space that has great relevance for archaeology, science and art.
